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In this work, we study magnetization switching induced by spin-orbit torque in heterostructures
with variable thickness of heavy-metal layers W and Pt, perpendicularly magnetized Co layer and
an antiferromagnetic NiO layer. Using current-driven switching, magnetoresistance and anomalous
Hall effect measurements, perpendicular and in-plane exchange bias field were determined. Several
Hall-bar devices possessing in-plane exchange bias from both systems were selected and analyzed
in relation to our analytical switching model of critical current density as a function of Pt and W
thickness, resulting in estimation of effective spin Hall angle and effective perpendicular magnetic
anisotropy. Approximately one order of magnitude smaller critical switching current densities in W-
than Pt-based Hall-bar devices were found due to a higher effective spin Hall angle in W structures.
The current switching stability and training process are discussed in detail.
I. INTRODUCTION
Spin-orbit torque random access memories (SOT-
RAMs) are anticipated as a next-generation of low-
power, high endurance, non-volatile and energy-efficient
magnetic RAMs, which fit into the modern trend of green
information technology (IT) [1–5]. Spintronic data stor-
age devices, in contrast to conventional semiconductor
counterparts, need not to be continuously refreshed, lead-
ing to the reduction of heat dissipation and lower energy
consumption. Several ways of controlling the magneti-
zation states of a single memory cell based on the mag-
netic tunnel junction (MTJ) have been proposed, such
as spin-transfer torque (STT) [6, 7] and voltage con-
trolled magnetic anisotropy (VCMA) [8, 9]. Recently,
SOT-based technologies have evolved as one of the most
promising, because they require neither high current den-
sities nor high voltages applied to the thin tunnel barri-
ers [10, 11], and enable magnetization switching below
1-ns-long pulse duration [12]. Such memory cells consti-
tute an efficient alternative to STT-based spin valves or
MTJs [13]. A significant progress has been achieved in
understanding and utilizing spin Hall effect (SHE) [14–
16] in heavy metals (HMs) or topological insulators [3] to
control magnetic states of ferromagnets (FMs) [17]. The
mechanism relies on SOT-induced switching due to ac-
cumulated spin density noncollinear with magnetization.
However, the torque itself cannot switch the magneti-
zation between two stable states without the up-down
degeneracy along the charge current flow direction being
broken. It can be achieved by applying an external mag-
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netic field collinear with the current (but noncollinear
with the magnetization), which, however, is impractical
in device applications and technologically unattractive.
Several approaches have been proposed to replace exter-
nal magnetic field and achieve field-free switching: fabri-
cation of additional magnetic dots which provide a dipo-
lar in-plane field parallel to the current [18], two cou-
pled FM layers exhibiting magnetization easy axes or-
thogonal to each other [19–22] or introducing a lateral
symmetry breaking by asymmetric layers [23–27], among
others. However, one of the most promising solutions is
still the well-known exchange bias induced by coupling
a ferromagnet with an antiferromagnetic layer [28–32].
The use of metallic antiferromagnet (AFM) for this pur-
pose has already been described in the literature [19, 33].
Nevertheless, antiferromagnetic insulators (AFM-Is) like
NiO not only induce exchange bias [34–36] but also can
enhance perpendicular magnetic anisotropy (PMA) [37]
and allow to achieve lower critical switching current than
in the case of metallic AFMs. The study of field-free
magnetization switching of perpendicularly magnetized
exchange-biased FM coupled with AFM-Is has not been
examined in detail yet [38–42]. It is also worth men-
tioning that exchange-biased NiO heterostructures with
heavy metals can also exhibit Dzyaloshinskii-Moriya in-
teraction at the interfaces, thus enhancing and modifying
domain wall motion or even supporting such topological
states as skyrmions [34, 43, 44]. Recently, using x-ray lin-
ear dichroism method, the distribution of AFM spins ori-
entation at the interface of epitaxial NiO/Fe system was
analyzed by KozioÅĆ-RachwaÅĆ et al. [45]. Electrical
detection of the Néel vector orientation in metallic AFMs
[46] and AFM-Is [47–49] was demonstrated via spin Hall
magnetoresitance (SMR), because magnetoresitance ef-
fect depends on the relative orientation of the magnetic
order and an interfacial spin accumulation. However,
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2C.C. Chiang et al. showed absence of SOT switching
of Néel vector in multiterminal patterned structure of
Pt/NiO claiming that thermal effect is responsible for
switching [50].
In this work, we examine two systems differing in the
HM layer. We chose perpendicularly magnetized het-
erostructures with Pt and W as they are characterized
by strong spin-orbital coupling and may induce perpen-
dicular magnetic anisotropy of adjacent FM. Using mag-
netoresitance and current-driven magnetization switch-
ing methods, we found simultaneous occurrence of in-
plane (H(x)exb) and perpendicular (H
(z)
exb) components of
exchange bias field. These values were included in de-
veloped critical switching current model. Our stability
measurements show the usefulness of the examined sys-
tems for potential application in IT.
II. EXPERIMENT
Two HM/FM/AFM multilayer systems consisting of
two different heavy metals: W and Pt were deposited
on Si/SiO2 substrate. As shown schematically in
Fig. 1(a) the bottom-up heterostructure is sequenced
as: Si/SiO2/W(Pt)/Co/NiO. Thickness of heavy-metal
layer was varied from 0 to 10 nm in either case, while
maintaining a constant thickness of the two other layers
namely Co 0.7 nm and NiO 7 nm. We also deposited
Pt(4)/Co(1)/MgO system (thicknesses in nm) as a refer-
ence sample for further analysis. All metallic layers were
deposited by magnetron sputtering at room temperature.
In the case of W sputtering, low DC power of 4 W and
6 cm target-sample distance were used, which resulted
in a deposition rate of 0.01 nm/s. Such conditions are
essential for the growth of W layer in the cubic β phase.
The Pt and Co were deposited with DC power of 8 and
15 W, respectively.
FIG. 1. (a) Cross-section of our multilayer system. The or-
ange arrows indicate perpendicularly magnetized Co layer.
The out-of-plane vectors on W(Pt)/Co interfaces show the
accumulated spin as a result of the spin Hall effect. Opti-
cal microscopic image of the patterned Hall-bar device: (b)
Hall-bar for magnetoresistance measurements, (c) detailed di-
mensions of the Hall-bar, (d) Hall-bar for SOT-induced mag-
netization switching measurements.
The stoichiometric NiO layer on the top of the sam-
ple was deposited using pulsed laser deposition technique
(PLD). The process was performed in a controlled oxy-
gen atmosphere (1.51 mbar) in a separate UHV chamber,
but samples were transferred between chambers with-
out breaking UHV condition. To establish interlayer ex-
change bias coupling between the Co and NiO, perpen-
dicular magnetic field of 1.1 kOe was applied during de-
position. Thicknesses of all layers were determined from
the deposition growth rate of particular materials cali-
brated using x-ray reflectivity measurements. Next, all
as-deposited samples were characterized before pattern-
ing by x-ray diffraction θ − 2θ (XRD) and grazing inci-
dence diffraction (GIXD) (for details see Supplemental
Materials [51]). All systems were also examined by the
polar Kerr magnetometer (p-MOKE) to determine the
range of HM thicknesses for which PMA occurs. Square-
shape hysteresis loops in the out-of-plane hysteresis was
observed, which indicates the presence of PMA in both
systems for Pt layer thickness tPt between 1 and 9 nm and
for W layer thickness tW between 3.5 and 8 nm, which
was next confirmed by anomalous Hall effect (AHE) mea-
surements (see in Supplemental Materials [51]).
After basic characterization of continuous samples,
both heterostructures were patterned using optical direct
imaging lithography (DLP) and ion etching to create a
matrix of Hall-bar devices, with different tHM for subse-
quent electrical measurements (Fig.1 (b-d)). The sizes
of prepared structures were 100 µm × 10 µm for mag-
netoresistance and AHE measurements and 30 µm × 30
µm for current-induced magnetization switching experi-
ments. Al(20)/Au(30) electrical leads of 100 µm × 100
µm were deposited in a second lithography step followed
by the lift-off process. Specific locations of pads near the
Hall-bars were designed for measurement in custom-made
rotating probe station allowing 2- or 4-points measure-
ment of electrical transport properties in the presence
of the magnetic field applied at arbitrary azimuthal and
polar angle with respect to the Hall-bar axis.
The resistance of each Hall-bar was measured using a
four-point method [52] and resistivity of Pt and W wedge
layers was determined using a parallel resistors model and
the method described by Kawaguchi et al. [53]. The Pt
and W resistivities analysis yielded 30 µΩcm [20, 53–56]
and 174 µΩcm [56–59], respectively. The Co resistivity
has varied from 28 to 58 µΩcm depending on HM un-
derlayer [20]. The details of the resistivity measurements
are presented in Supplemental Materials [51].
III. CRITICAL CURRENT MODEL
In order to determine the influence of exchange bias
on threshold current in our system we follow the analysis
for spin Hall threshold currents first derived by Lee et
al. [60, 61].
We start with Landau-Lifshitz-Gilbert (LLG) equa-
tion for macrospin magnetization mˆ = (mx,my,mz) =
3(cosφ sin θ, sinφ sin θ, cos θ),
dmˆ
dt
− αmˆ× dmˆ
dt
= Γ , (1)
where α is Gilbert damping constant.
The general torque exerted on magnetization assumes
the following form
Γ = −γ0mˆ×Heff − γ0HDLmˆ× mˆ× yˆ , (2)
where γ0 is the gyromagnetic constant, and the first term
comes from the effective field, Heff = −∇mu,
where free energy of the FM has the following form
u = −1
2
HK,effm
2
z −
1
2
HAm
2
y −mxHx −mxH(x)exb , (3)
with HK,eff being the field of effective perpendicular mag-
netic anisotropy, HA field of effective in-plane anisotropy,
Hx the magnetic field along x, and H
(x)
exb the in-plane ex-
change bias.
The second torque term in Eq. (2) comes from
damping-like field,
HDL =
~
2eµ0MstFM
θSHjHM
(
1− sech tHM
λHM
)
gr
1 + gr
,
(4)
where ~ is reduced Planck’s constant, e is the elemen-
tary charge, µ0Ms is magnetization, tFM is thickness
of ferromagnetic layer, θSH the spin Hall angle, jHM
the current density flowing through HM, and gr =
2λHMρHMGr coth (tHM/λHM) is the unitless real part of
spin-mixing conductivity, Gr with λHM, ρHM, and tHM
the HM’s spin diffusion length, resistivity, and thickness,
respectively. The damping-like field is induced by yˆ-
polarized spin accumulation due to spin Hall effect in
HM.
Stationary solution of the LLG equation (1) leads to
the torque equilibrium condition, Γ = 0. For strong mag-
netic field applied along x we assume φ ≈ 0 which leads
to the following condition for damping-like field
HDL = cos θ
(
H
(x)
exb −HK,eff sin θ +Hx
)
. (5)
By analyzing stability of the above equation we obtain
simplified relation for critical damping-like field
HswDL ≈
HK,eff
2
− Hx −H
(x)
exb√
2
. (6)
Inserting into the above equation explicit formula for
damping like field, Eq. (4), we obtain for critical current
density the following expression
jswc ≈
2eµ0MstFM (1 + gr)
~θSHgr
(
1− sech tHMλHM
) (HK,eff
2
− Hx −H
(x)
exb√
2
)
.
(7)
Assuming perfect HM/FM interface, i.e. Gr → ∞, and
assuming tHM  λHM leads to the simplified expression,
jswc ≈
2eµ0MstFM
~θSH
(
HK,eff
2
− Hx −H
(x)
exb√
2
)
, (8)
which is used later on to fit the experimental data.
IV. RESULTS AND DISCUSSION
A. SOT Current Switching
AHE was used to determine the current-driven magne-
tization switching between high and low stable resistance
states. The measurement setup is shown in Fig. 1(a). Ini-
tially, the sample has been magnetized by external mag-
netic field applied along z direction to the state corre-
sponding to low resistance of the AHE loop.
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FIG. 2. Examples of the current switching loops for differ-
ent values of external magnetic field Hx in Pt(4.9)/Co/NiO
system (a) and W(4.9)/Co/NiO (b). The null shifts of zero-
current ∆R are depicted in (c) and (d), the intersection is
marked by a red dot. Due to the significant difference in zero
∆R shift between the elements with the thinnest Pt layer and
the other elements in (c), a separate scale (left) was applied
for tPt = 1.5 nm (brown points). H(x)exb in Pt system is 5 Oe
for tPt = 1.5 nm, 60 Oe for tPt = 4.0 nm and 392 Oe for
tPt = 4.9 nm, respectively. For all analyzed W elements these
values are approximately 0 Oe in the measurement error limit.
4TABLE I. The table shows values of in-plane exchange bias field (H(x)exb), effective anisotropy field (HK,eff) and spin Hall angle
θSH,eff obtained as a result of magnetoresistance measurements and fitting the threshold current model to the experimental
data.
Pt/Co/MgO
Sample tPt (nm) H(x)exb (Oe) HK,effâĂŤFIT (Oe) θSH,effâĂŤFIT (%) µ0Ms (T)
A1 4.0 0 2508± 80 13.5 ± 1 0.5
Pt/Co/NiO
Sample tPt (nm) H(x)exb (Oe) HK,effâĂŤFIT (Oe) θSH,effâĂŤFIT (%) µ0Ms (T)
A2 1.5 6 ± 1 2141 ± 10 4.1 ± 0.8 0.5
A3 4.0 176 ± 3 4130 ± 10 5.2 ± 1.2 0.5
A4 4.9 522 ± 14 4638 ± 10 5.8 ± 1.3 0.5
W/Co/NiO
Sample tW (nm) H(x)exb (Oe) HK,effâĂŤFIT (Oe) θSH,effâĂŤFIT (%) µ0Ms (T)
C1 4.3 -158 ± 29 2584 ± 2 -44.0 ± 5 0.5
B1 3.7 0 1132 ± 20 -5.7 ± 1.1 0.5
B2 4.9 30 ± 15 1031 ± 10 -7.5 ± 1.5 0.5
B3 6.1 7 ± 1 1035 ± 11 -9.3 ± 1.8 0.5
Then, a sequence of current pulses with 10 ms dura-
tion and 20 ms intervals in the x direction was applied
to drive the magnetization switching. The current was
swept from negative to positive and back to negative and
simultaneously transversal voltage was measured in pres-
ence of in-plane magnetic field, collinear with the current
direction (Hx). The value ofHx was changed sequentially
after each switching loop.
As a result, we obtained the current switching loops
for Pt- and W-based Hall-bar devices (Fig. 2(a),(b)).
Opposite loops polarities result from the fact that Pt
has a positive spin Hall angle and W a negative one.
By analyzing the difference between high and low AHE
resistance states, the current switching loop opening ∆R
was obtained for each value of applied magnetic field Hx
and shows closing of the loop with decreasing Hx.
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FIG. 3. H(x)exb obtained from ∆R zero shifts for as-deposited
W(Pt)/Co/NiO system. Filled points mark the elements for
which the theoretical threshold current model was fitted later.
The same analysis was repeated for different thick-
nesses of Pt and W-based devices (Fig. 2(c),(d)). Ob-
tained dependence is approximately linear for small posi-
tive and negative Hx. The intersection of linear function
with zero ∆R (corresponding to the magnetic field for
which the loop is closed) can be identified as the value
of Hx which compensates the in-plane component of ex-
change bias field (H(x)exb) and allows to indirectly deter-
mine the value of H(x)exb, because the mentioned in-plane
compensation field has the same value, but the opposite
sign.
The intersection points for Pt-based system depend on
Pt layer thickness, reaching maximal compensation field
magnitude for tPt=4.9 nm, while in W-based structure
intersection occurs roughly at zero Hx field in a wide
range of W layer thicknesses as shown in Fig. 3. Note,
that for large Hx, ∆R saturates whereas the maximum
∆R opening in the saturated area decreases as the thick-
ness of HM increases (Fig. 2(c),(d)). A similar effect was
observed for the slope of linear function fitted to the data
points in both systems. This kind of behavior can be
explain by spin-orbit coupling related to the interfacial
Rashba-Edelstein contribution which is much stronger for
thinner HM layer [20, 56]. The perpendicular exchange
bias field (H(z)exb), determined by AHE hysteresis is high-
est for about 5 nm of HM thickness in both systems,
but H(z)exb in W-based system is two times smaller than in
Pt-based system (see in Supplemental Materials [51]).
Because in as-deposited W/Co/NiO heterostructure
the magnitude of H(x)exb is negligible, field-free SOT mag-
netization switching is not achieved. Therefore, to induce
the in-plane component of exchange bias, the system was
annealed at 100 oC (i.e. at a temperature slightly higher
than blocking temperature of 373K but lower than Néel
temperature of 525 K) for 15 min and then cooled to room
temperature in the presence of external magnetic field ap-
5plied perpendicularly to the sample. Afterwards, the re-
measured AHE loop for selected HM thickness indicates
the presence of the PMA and H(z)exb in Co layer, mani-
fested by rectangular shape shifted of -67 Oe (see in Sup-
plemental Materials [51]). In the next step the current
switching experiments were repeated and results were an-
alyzed as described above. Finally, H(x)exb = -148 Oe was
observed (see in Supplemental Materials [51]). For fur-
ther analysis and fitting our threshold current model in
exchange-biased system, three as-deposited Pt/Co/NiO
Hall-bar devices of 1.5, 4.0 and 4.9 nm Pt thicknesses
were selected and identified as A2, A3 and A4, respec-
tively. We selected also three as-deposited W/Co/NiO
Hall-bars of 3.7, 4.9 and 6.1 nm W thicknesses which
were marked as B1, B2 and B3, respectively, and chose
annealed W(4.3)/Co/NiO device (C1). We also fitted our
model to reference sample (labeled A1) which was used
to verify the model, as indicated earlier.
B. In-plane exchange bias
In order to confirm the above-discussed H(x)exb, resis-
tance along the Hall-bar (Rxx) was measured with exter-
nal magnetic field being swept along the x direction and
modeled it with the equation:
Rxx = R0 + ∆RAMRm
2
x , (9)
where R0 is magnetization-independent resistance, and
∆RAMR denotes changes due to anisotropic magnetore-
sistance effect. Considering equilibrium condition of en-
ergy density (3) with respect to angle φ longitudinal re-
sistance was reformulated to:
Rxx ≈ R0 + ∆RAMR (H
(x)
exb +Hx)
2
H2A
. (10)
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FIG. 4. H(x)exb obtained from Rxx(Hx) measurements for as-
deposited Pt- (a-c) and W-based (d-f) systems and annealed
W/Co/NiO system (g). The blue arrows indicate the position
of in-plane H(x)exb. Experimental data have been normalized to
a minimum point. The red lines are fits according to Eq.(10).
Measured Rxx for A2-A4, B1-B3 and C1 samples are
shown in Fig. 4. A parabolic function has been fitted to
the data points and minima of the functions are indicated
with arrows. According to the Eq. (10), the minima can
be identified as H(x)exb field, like these discussed in pre-
vious section. The resulting values for A2, A3 and A4
samples of about 6 Oe, 176 Oe and 522 Oe (Fig. 4(d)-
(f)), respectively, are consistent with the ones obtained in
∆R opening loop of the current switching experiment de-
scribed in Sec. IV A. As-deposited B-series Hall-bars still
exhibit negligible loop shifts. (Fig. 4(d)-(f)). The only
exception is the annealed C1 element for which the value
is -158 Oe (Fig. 4(g)). H(x)exb values obtained from magne-
toresistance (MR) measurements are in general less noisy
and are used for further analysis.
C. Fitting model
For the analysis of the SOT-induced magnetization
switching, we used AHE resistance hysteresis loops vs.
applied current densities in HM layer (jHM) measured
in a different external magnetic field Hx - examples are
depicted in Fig. 5.
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FIG. 5. Examples of a series of current switching hysteresis
loops for sequentially changed values of Hx in two selected
elements A2 (a) and B1 (b), respectively.
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FIG. 6. Critical switching current densities, jswc , as a function of applied external magnetic field Hx, for Pt/Co/NiO (a-d) and
W/Co/NiO (e-h) differing by HM layer thickness. In the (e) depicted annealed W system. Red line represents model equation
fitted to the data points. Parameters used for theoretical model lines are gathered in Tab.I.
First, using a derivative of ∂VAHE∂jHM , the threshold switch-
ing current (jswc ) was calculated separately for each Hx
magnitude. As a result, a linear dependencies of jswc vs.
Hx are obtained for selected Pt and W thicknesses. Nev-
ertheless, a large number of free parameters in the model
equation (Eq. (8)) may cause large uncertainties in the
determined values. For this purpose, the first Hall part
of Eq. (8) was replaced by a single parameter a which
was fixed and calculated as the linear slope coefficient de-
termined by numerical differentiation of jswc dependence.
Therefore, Eq. (8) can be rewritten to form:
jswc ≈ a
(
HK,eff
2
− Hx −H
(x)
exb√
2
)
, (11)
where: a is fixed parameter obtained from differing jswc
dependence data points.
This ensures, that the only free fit parameter has re-
mained HK,eff. As mentioned earlier, H
(x)
exb has been fixed
parameter achieved from the MR measurements.
Initially, the model was verified on the A1 reference
sample, which is characterized by zero H(x)exb. In this par-
ticular case, both H(x)exb and HK,eff parameters have been
set as free to check validity of parameters received from
fitting. As expected, H(x)exb = 0 and HK,eff = 2508 Oe
were obtained with a very good compliance level of R2 =
0.93. Additionally, we compared obtained values to the
results from non-exchange biased model [60], and both
models gave the same results.
Next, a simplified model equation (Eq. (11)) was fitted
7to all selected Pt/Co/NiO and W/Co/NiO multilayers.
As indicated, H(x)exb parameter was fixed and set accord-
ingly with Tab.I. Fitting results are depicted in Fig. 6
where the solid lines correspond to the model equation,
respectively for all investigated devices. As shown, the
model proved good correlation to the data points. All
of the R2 coefficients were above 0.90, ensuring low un-
certainty level. For higher Hx there are deviations from
linear dependence in both systems.
In case of B-series, the deviations appear at lower Hx
field than in Pt-based system which is almost constant.
This fact can be explained by lower HK,eff field presented
in Tab. I for as-deposited W/Co/NiO systems than for
A-series heterostructures. A-series multilayers were char-
acterized by increase HK,eff and Hc with increasing Pt
thickness (Fig. 6(b)-(d) and Fig. S4a in Supplemental
Materials [51]). Additionally, annealing of the B-series
elements resulted in doubling HK,eff value by increasing
Hc.
Finally, we calculated the effective spin Hall angles
(θSH,eff) in HM layer. For calculations we used the sat-
uration of magnetization (µ0Ms) equal to 0.5 T in both
systems, obtained from VSM measurements (see in Sup-
plemental Materials [51]). We also assumed an infinite
value of mixing conduction (gr), which is mostly valid
for metallic interfaces and strongly depend on the type
of interface.
Adopted assumptions allowed us to calculate the effec-
tive spin Hall angle from the following formula:
θSH,eff =
2eµ0MstF
~a
. (12)
Obtained values of θSH,eff are listed in the Tab. I and
agree with the ones found in the literature [20, 54, 56,
58, 62–66]. θSH,eff in as-deposited B-series multilayers
are slightly higher than values calculated for A-series
systems, which combined with significantly lower HK,eff
result in approximately one order of magnitude smaller
critical switching current densities in this system. It is
also worth noting that annealing of the W-based system,
apart from induce H(x)exb also enhance θSH,eff to -44 %
[67, 68] and the reduce of jswc by the order of magnitude
(Fig. 6(e)).
D. Training effect
The training effect in both systems was also investi-
gated for verification of thermal stability of the examined
heterostructures. In order to this 10 times longer pulses
than in previous experiments described in Sec. IV A. For
this purpose, a multiple current switching in a fixed ex-
ternal Hx field was performed by 100 ms current pulses
with 200 ms interval between them. The magnitude of
the external Hx field has been chosen to obtain an un-
ambiguous magnetization switching. A series of current
switching loops depicted in Fig. 7(a),(b) were obtained.
Next, loops opening ∆R and critical current densities
jswc were determined as a function of loop numbers. The
results are presented in Fig. 7(c),(d). In both systems,
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FIG. 7. A series of successive switching loops in a measure-
ment sequence for Pt (a) and W (b). The color of each subse-
quent loop in the sequence changes with increasing magnetic
field from black to blue. Critical current switching vs. num-
ber of repeated loops (c) and ∆R (d) for Pt (black points)
and W (red points).
jswc and ∆R decrease with increasing number of magne-
tization switches and their dependence on loop number
is similar. During the first few switching events, a sig-
nificant reduction in both the ∆R and jswc are observed.
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FIG. 8. Longitudinal magnetoresistance measurements of Pt-
based multilayer: (a) before the current switching experiment,
(b) after current switching without an external magnetic field,
(c) measured after specified number of switching cycles. The
data points correspond to the min-max normalized and aver-
aged values of the raw experimental data. The red line corre-
sponds to a quadratic function fitted to the data in order to
determine the shift.
This phenomena can be explained by the progressively
8increasing temperature in both systems due to Joule
heating [33] and training effect [32, 69–74] witnessed also
during magnetic field switching [32, 75, 76]. It is worth
mentioning that Joule’s heating effect leads to the reduc-
tion of the switching current and anisotropy. Saturation
of the dependence is caused by achieving a balance be-
tween the generated and emitted heating. This satura-
tion occurs for smaller repetition number in the system
with Pt (after about 20 switches) in contrast to W-based
system in which it is not reached even after 35 switches.
Furthermore, for the Pt-based system we investigated
how the number of switches affects onH(x)exb. For this pur-
pose, we measured longitudinal magnetoresistance signal,
Rxx, as in Sec.IV B, before current switching experiment,
and we found that H(x)exb was 302 Oe (Fig. 8(a)).
First, the sample was switched several times in zero ex-
ternal magnetic field. It was found that H(x)exb decreases
to 0 Oe (Fig. 8(b)). This proves that thermal energy gen-
erated during the pulses leads to degradation of the H(x)exb
component. The same H(x)exb reduction effect at switching
without external magnetic field was noticed by Razavi et
al. [33]. Then, by applying an in-plane Hx field of -200
Oe, the multiple switching events were repeated. It turns
out, that as the number of switching cycles increases, the
H
(x)
exb rises up to 430 Oe after 25 switching loops as de-
picted in Fig. 8(c).
- 6 0 0 - 3 0 0 0 3 0 0 6 0 0- 0 , 2
- 0 , 1
0
0 , 1
0 , 2
- 5 0 0 - 2 5 0 0 2 5 0 5 0 0- 0 , 6 8
- 0 , 3 4
0
0 , 3 4
0 , 6 8
R (Ω
)
H z  ( O e )
H E B  =  0  O e H E B  =  1 0  O e
( a ) ( b )
R (Ω
)
H z  ( O e )
H E B  =  - 6 7  O e H E B  =  - 3  O e
FIG. 9. AHE loops before switching experiments (black
points) and after multiple switching cycles (red points) in Pt-
(a) and W-based (b) system, respectively.
Finally, the AHE loop shapes and theH(z)exb in both sys-
tems were analyzed by comparing the loops before and
after the current switching experiments. No significant
degradation of PMA was found, however H(z)exb was re-
duced in both cases, as shown in Fig. 9, to 0 Oe and -3
Oe, respectively for Pt and W. We conclude that during
the switching events, a significant Joule heating is gener-
ated, which may lead to the temperature increase above
the Néel temperature. If the in-plane magnetic field is
applied, an increase of in-plane exchange bias is accom-
panied by decrease of the perpendicular exchange bias
component.
V. SUMMARY
In summary, the SOT-induced magnetization switch-
ing of as-deposited (Pt,W)/Co/NiO with PMA with
varying HM thickness was examined. Both the in-plane
H
(x)
exb and perpendicular H
(z)
exb exchange-bias were deter-
mined with current-driven switching, magnetoresistance
and AHE methods. Although we observed the H(z)exb in
both Pt and W systems, only the Pt system displayed
thickness-dependent in-plane component. For several se-
lected Hall-bar devices in both systems, threshold current
densities were analyzed based on our theoretical model
allowing us to estimate effective parameters θSH,eff and
HK,eff. Due to higher θSH,eff in W- than Pt-based sys-
tem, approximately one order of magnitude smaller crit-
ical switching current density was found. The switching
stability experiments confirm the ability to induce H(x)exb
by thermal effects. Investigated structures show poten-
tial to be hardware-implemented as spintronic memory
devices.
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